Real-Time Monitoring of the Mechanical Properties of a Soy Protein and Rubber Polymer during its Production Using Transient Infrared Spectroscopy by Sweterlitsch, Jeffrey J. et al.
Ames Laboratory Publications Ames Laboratory
2013
Real-Time Monitoring of the Mechanical
Properties of a Soy Protein and Rubber Polymer
during its Production Using Transient Infrared
Spectroscopy
Jeffrey J. Sweterlitsch
Iowa State University
Perminus Mungara
Iowa State University
Roger W. Jones
Iowa State University, jonesrw@ameslab.gov
Jay-lin Jane
Iowa State University, jjane@iastate.edu
John Frederick McClelland
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/ameslab_pubs
Part of the Agronomy and Crop Sciences Commons, Biochemistry, Biophysics, and Structural
Biology Commons, and the Mechanical Engineering Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
ameslab_pubs/235. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Ames Laboratory at Digital Repository @ Iowa State University. It has been accepted for
inclusion in Ames Laboratory Publications by an authorized administrator of Digital Repository @ Iowa State University. For more information, please
contact digirep@iastate.edu.
[1] 
Real-Time Monitoring of the Mechanical Properties of a Soy Protein and Rubber Polymer 
during its Production using Transient Infrared Spectroscopy 
Jeffrey J. Sweterlitsch,1 Perminus Mungara,2 Roger W. Jones,1 Jay-lin Jane,2 and John F. 
McClelland1,3 
1Ames Laboratory–USDOE, Iowa State University, Ames, Iowa, USA 
2Department of Food Science and Human Nutrition & Center for Crops Utilization Research, 
Iowa State University, Ames, Iowa, USA 
3Department of Mechanical Engineering, Iowa State University, Ames, Iowa, USA 
This research was performed at the Ames Laboratory.  Ames Laboratory is operated for 
the U.S. Department of Energy by Iowa State University under contract no. DE-AC02-
07CH11358.  This work was supported by the U.S. Department of Energy, Office of Industrial 
Technologies.  The authors acknowledge financial support from the Iowa Soybean Promotion 
Board and the Center for Crops Utilization Research. 
Correspondence: John F. McClelland, 3507 Oakland St., Ames, IA 50014, USA.  E-mail: 
mcclelland.john7@gmail.com 
ABSTRACT 
Soy protein-based polymers offer promising performance properties, but their characteristics are 
sensitively dependent on production conditions, so on-line monitoring could help provide the 
needed control during production.  Mid-infrared spectroscopy combined with partial least 
squares offer the needed analysis, but the opacity of many materials in the mid-infrared limits its 
conventional application.  Transient infrared spectroscopy is a method of acquiring mid-infrared 
spectra from moving streams in real time that avoids the opacity problem.  We apply transient 
infrared spectroscopy to a polymer of soy protein and polyisoprene-graft-maleic anhydride–
modified natural rubber during its compounding extrusion to measure tensile strength and 
Young’s modulus. 
Keywords:  On-line monitoring; Soy-protein polymer; Transient infrared spectroscopy 
INTRODUCTION 
Soy protein isolate is a promising feedstock for bioplastics, but the morphologies of these 
materials and hence their performance characteristics are sensitive to the processing 
conditions.[1,2]  It would therefore be beneficial if process monitoring could provide predictions 
of performance characteristics for these materials in real time during their production.  Process 
monitoring within biotechnology has been applied mostly to biofuels and biopharmaceuticals, 
where liquid process streams are common.  When pastes or solids must be monitored, near 
infrared spectroscopy has most often been applied[3] because of the greater transparency of 
materials in that range.  Nevertheless, the stronger, less overlapped spectral features in the mid-
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infrared range should afford more 
accurate monitoring of lower 
component concentrations and a wider 
range of stream properties, if it can be 
applied. 
 Transient infrared spectroscopy 
(TIRS) is a mid-infrared spectroscopy 
technique aimed at determining the 
properties of solid and viscous process 
streams in real time without the need 
for grab samples or a separate analysis 
side stream.[4-6]  The high mid-infrared 
absorption coefficients of solids and 
viscous materials usually require a 
sample stream to be very thin if it is to 
be analyzed by conventional mid-
infrared transmission.  TIRS uses a 
temperature gradient to spectro-
scopically imitate a thin sample stream 
without it actually being thin.  Figure 1 
shows how TIRS functions for a hot 
process stream,[5] such as that from an extruder.  Because the extruder stream is hot and thick, it 
emits a black body spectrum, which is characteristic of the stream temperature but contains no 
features indicative of its composition.  A jet of cooling air strikes the stream as it flows through 
the field of view of a Fourier transform infrared (FT-IR) spectrometer.  The jet creates a thin, 
cooled layer on top of the hot, thick process stream.  This thin, cool layer does not emit in the 
mid-infrared, but the uncooled bulk of the process stream radiates its black body spectrum 
through this cool layer.  As this black body emission passes through it, the cooled layer acts as a 
thin transmission sample, so the spectrometer observes the black body spectrum of the bulk of 
the stream with the structured transmission spectrum of the cooled layer superimposed on it.  Of 
course, the cooled layer will thicken rapidly by thermal diffusion, but the motion of the stream 
carries it away as it thickens, so within the spectrometer field of view it remains thin.  TIRS has 
previously been tested on hot, synthetic-polymer extrusions,[7] but not on composite biopolymer 
and synthetic-polymer streams.  For cool process streams, another variant of TIRS uses a jet of 
heated air to create a thin, hot, surface layer that emits a structured spectrum in the mid-
infrared.[4,6,7] 
 One difficulty with soy protein-based plastic is its water sensitivity, but this is reduced by 
blending the protein with a hydrophobic polymer.[8]  In the present study, TIRS is applied to the 
determination of the physical properties (i.e., tensile strength and Young’s modulus) of a 
combined extrusion of soy protein and polyisoprene-graft-maleic anhydride–modified natural 
rubber.   
 
EXPERIMENTAL SECTION 
 
 A mixture of chemical additives and soy protein isolate was placed in a high-speed mixer 
(Henschel Mixers American, Inc.).  A solution of water, glycerol, and salts was introduced while 
FIGURE 1  Schematic of how cooling-jet TIRS works.  A jet of cooling
air strikes the hot stream surface to create a thin, cool surface layer.  The
black body thermal emission from the hot bulk of the process stream
passes through this cool layer, so the spectrometer observes the
transmission spectrum of the cooled layer superimposed on the featureless
black body spectrum. 
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mixing.  The formulation was mixed thoroughly for about 15 min and then left overnight to 
equilibrate before compounding extrusion.  Compounding extrusion was carried out in a twin-
screw, co-rotating extruder (Leistritz Micro 18, L/D ratio 30, American Leistritz Corp.), 
equipped with an auto feeder, which added the rubber to the mix.  The concentration of rubber 
was set to 2, 5, or 10 wt.%.  The extruder had six heating zones, which were set to 75, 85, 95, 
100, 105, and 96°C, going from the feeder to the extrusion die.  The screw speed was set to 70, 
100 or 150 rpm. 
 A Bomem MB100 FT-IR spectrometer was fitted with a side port and an external, 14 cm 
focal length gold mirror to focus the field of view of the spectrometer down onto the extrusion 
stream, which was supported by two wheels that directed the stream horizontally past the 
spectrometer.  A 15.5 L/min jet of room-temperature air was applied to the stream as it entered 
the spectrometer field of view to produce the thin, cooled layer TIRS requires.  The FT-IR 
spectrometer was fitted with a wideband liquid nitrogen-cooled MCT detector, and its normal 
infrared source was replaced by a liquid nitrogen-cooled cold source.  The spectrometer scanned 
at 1.50 cm/s optical path difference velocity and 8 cm-1 resolution.   
 Spectra were acquired at each of the three screw speeds for each of the rubber 
concentrations listed above, giving nine different conditions.  Coherent extrudate was collected 
at each of these nine conditions and pelletized.  The pellets were then dried to adjust the moisture 
content to about 10%.  The pellets were used to produce compression-molded sheets that were 
utilized in determining reference mechanical properties of the samples.  The mechanical 
properties were determined using an Instron Universal Testing Machine (model 4502, Instron 
Corporation).  The analysis for the specimens was done according to the methods given in 
ASTM D638-86.  The samples were pre-conditioned at about 50% relative humidity for 48 h.  
Tensile strength and Young’s modulus were determined at a crosshead speed of 20 mm/min.  
Five specimens were analyzed per sample and the results were averaged.  The properties for one 
of the nine extruder conditions (2% rubber, 150 rpm) were found to be outliers, so the spectra 
acquired at that condition were discarded from the chemometric analysis. 
 The chemometric analysis was done via partial least squares (PLS)[9] using commercial 
software (GRAMS/AI PLSplus IQ, Version 5.1; Thermo Galactic).  Two spectra acquired at 
each of the eight conditions were averaged, and the eight averaged spectra were used as the 
training set for the PLS modeling in their raw (i.e., single beam) state.  They were not 
normalized for the chemometric analysis.  Single-elimination cross validation was used to 
predict the sample properties from the spectra. 
 
RESULTS AND DISCUSSION 
 
 Spectra were acquired from soy protein-rubber extrusions containing 2 to 10 wt.% rubber 
at extruder screw speeds from 70 to 150 rpm.  Tensile strength and Young’s modulus were 
determined from these spectra using PLS.  The optimum model found for tensile strength used 
four factors, modeled the 698-1798 cm-1 region of the spectra, and applied mean centering and 
standard normal variate processing[10] to the spectra prior to analysis.  The optimum model for 
Young’s modulus used four factors, modeled the 799-1401 cm-1 region, applied mean centering 
and multiplicative scatter correction[11] to the spectra, and converted them to second derivatives 
(21-point Savitsky Golay) before analysis. 
 Figures 2 and 3 show the single-elimination cross-validation plots for the optimum 
models predicting these properties.  For the tensile strength model, the correlation coefficient, R2, 
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is 0.969 and the standard error of cross validation (SECV) is 0.25 MPa.  For the Young’s 
modulus model, R2 is 0.840 and SECV is 14.1 MPa.  The standard deviations for the mechanical 
testing are shown in the figures.  The averages of the standard deviations are 0.35 MPa for 
tensile strength and 14.9 MPa for Young’s modulus.  The SECV of the PLS models are similar 
to these average standard deviations for the reference mechanical tests, so the accuracy of the 
TIRS-PLS determinations may be limited by the accuracy of the mechanical testing.  
 
CONCLUSIONS 
 
 Mechanical characteristics of a soy protein-based biopolymer were successfully 
determined with an on-line monitor using transient infrared spectroscopy to determine the mid-
infrared spectrum of the polymer as it was produced by an extruder and chemometric modeling 
to determine tensile strength and Young’s modulus from the spectra. 
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